Malonate decarboxylase from Pseudomonas putida is composed ofˆve subunits, a, b, g, d, and e. Two subunits, d and e, have been identiˆed as an acyl-carrier protein (ACP) and malonyl-CoA:ACP transacylase, respectively. Functions of the other three subunits have not been identiˆed, because recombinant subunits expressed in Escherichia coli formed inclusion bodies. To resolve this problem, we used a coexpression system with GroEL W ES from E. coli, and obtained active recombinant subunits. Enzymatic analysis of the puried recombinant subunits showed that the a subunit was an acetyl-S-ACP:malonate ACP transferase and that the bg-subunit complex was a malonyl-S-ACP decarboxylase.
Malonate decarboxylase, which catalyzes the decarboxylation of malonate to acetate and CO2 in a cyclic manner, has been found in various bacteria. Studies of the enzymes from Pseudomonas putida, [1] [2] [3] Klebsiella pneumoniae, [4] [5] [6] Malonomonas rubra, [7] [8] [9] [10] Acinetobacter calcoaceticus, [11] [12] [13] [14] and P. ‰uorescens, 13, 15) suggest that all malonate decarboxylases have an acyl-carrier protein (ACP) with 2?-(5!phosphoribosyl)-3?-dephospho-CoA as its prosthetic group. 9) However, there are diŠerences in the subunit composition among these bacterial enzymes. We found earlier that the enzyme from P. putida is composed ofˆve subunits, a, b, g, d, and e, encoded by mdcA, mdcD, mdcE, mdcC, and mdcH, respectively, in the mdc gene cluster. 2, 3) The Pseudomonas enzyme catalyzes the three reactions of acetyl-S-ACP:malonate ACP transferase, malonyl-S-ACP decarboxylase, and malonyl-CoA:ACP transacylase ( Fig. 1) . By a labeling experiment with [2-14 C]malonyl-CoA as the acyl-residue donor, we found that the e subunit is malonyl-CoA:ACP transacylase, which catalyzes the transfer of malonyl residues to the d subunit (ACP). 2) From computer analysis of the deduced amino acid sequence, the remaining subunits, a, b, and g, were decided to be acetyl-S-ACP:malonate ACP transferase and malonyl-S-ACP decarboxylase subunits, respectively. 3) These functions have not been clariˆed by enzymatic assays. Recently, Koo and Kim reported that the subunits a and b of the Acinetobacter enzyme function as acetyl-S-ACP:malonate ACP transferase and malonyl-S-ACP decarboxylase, respectively; the role of the g subunit remains unclear. 14) In this paper, we describe the functions of subunits a, b, and g of the malonate decarboxylase from P. putida IAM 1177.
To demonstrate the functions of subunits a, b, and g, we constructed an expression system for the individual subunits in Escherichia coli. The primers listed in Table 1 were used for the PCR-aided construction of expression plasmids that harbored the mdcA, mdcD, mdcE, or mdcDE gene. For ampliˆcation of the mdcDE gene, the primer set of mdcD-F and mdcE-R was used. The reactions were done with pUC118-B (Table 2) as the template and each forward and reverse primer-set with Takara LA Taq. Each DNA fragment ampliˆed was digested with BamHI and EcoRI and then ligated into pGEX-6P-1 (an expression vector of glutathione-S-transferase (GST) fusion protein) digested with the same restriction enzymes, designated pGEX-mdcA, pGEX-mdcD, pGEX-mdcE, and pGEX-mdcDE, respectively. E. coli JM109 cells carrying the derivatives of a pGEX expression plasmid overproduced the corresponding subunit(s) of malonate decarboxylase by overnight cultivation at 259 C with 1 mM isopropyl-1-thio-b-D-galactopyranoside (IPTG). However, these subunits were recovered as inclusion bodies in the insoluble fraction (Fig. 2) . This problem could not be solved by changes in the expression conditions such as the IPTG concentration, induction period, or cultivation temperature. E. coli chaperonin GroEL W ES increases the solubility of foreign proteins that form inclusion bodies in E. coli cells. 16, 17) To avoid the formation of inclusion bodies, therefore, we developed a new coexpression system of the individual subunits with E. coli GroEL W ES. To construct the expression plasmid for GroEL and GroES, PCR ampliˆcation was done with genomic DNA from E. coli JM109 as the template and the primer set of groES-F and groEL-R. The ampliˆed fragment was inserted into a pTrc99A cut with the appropriate restriction enzymes. The resulting plasmid, pTrc99Agro, was used as the template for the second PCR, together with the primers 99Atrc-F and 99ArrnB-R. The ampliˆed fragment containing groES and groEL genes with trc promoter, ribosome binding site, and the transcription terminator rrnB T1T2 from pTrc99A was inserted into a plasmid, pSTV28, digested with the same restriction enzymes, giving pSTV28-gro. E. coli JM109 cells carrying both expression plasmids for the individual subunits and for GroEL W ES were cultured aerobically on Luria-Bertani broth 18) containing 100 mg W ml ampicillin and 25 mg W ml chloramphenicol at 379 C. When the turbidity of the culture at 600 nm reached approximately 0.5, IPTG was added to the culture broth at a concentration of 1 mM and additional overnight cultivation at 259 C was done. The GST-fused subunits a and b expressed were recovered in the soluble fraction by use of the coexpression system with E. coli GroEL W ES (Fig. 2) . GST-g subunits were not obtained in soluble form in many attempts, but the g subunit was recovered together with the GST-b subunit by use of the coexpression vector pGEX-mdcDE. The soluble GST-fused subunits were puriˆed by Expression of the subunit(s) was induced by the addition of 1 mM (ˆnal concentration) IPTG. After overnight cultivation at 259 C, the cells were harvested from 0.1-ml portions (at 2.5 A 600 ). The cells were disrupted by sonication and then centrifuged to divide the sonicate into the soluble (S) fraction and the precipitate (P). GroEL W ES", expression without GroEL W ES; GroEL W ES+, expression with overproduced GroEL W ES; GL, GroEL; GS, GroES; G-a, GST-fused a subunit; G-b, GST-fused b subunit; g, g subunit. Numbers on the left show the molecular masses of size standards. glutathione Sepharose 4B a‹nity chromatography and PreScission protease (Amersham Biosciences). Sizes of the puriˆed subunits a, b, and g were 60, 33, and 28 kDa, respectively (Fig. 3) . The recombinant subunits a and b had the Gly-Pro-Leu-Gly-Ser sequence originating from pGEX-6P-1 at the N-termini, in addition to the same sequences as the N-terminal amino acid sequences of the native enzyme subunits. Interestingly, when the GST-b subunit was coexpressed with the g subunit in E. coli JM109 carrying pGEX-mdcDE, the bg-subunit complex was puriˆed by a‹nity chromatography, indicating that the g subunit was tightly associated with the b subunit. The tight association may make recovery of the g subunit alone in a soluble fraction di‹cult.
Although acetyl-S-ACP and malonyl-S-ACP are intrinsic metabolic intermediates in the cyclic reaction of malonate decarboxylase, acetyl-CoA and malonyl-CoA also are active substrate analogues in the Pseudomonas enzyme. Therefore, acetyl-CoA:malonate CoA transferase and malonyl-CoA decarboxylase activities of the puriˆed subunits were conventionally measured for acetyl-S-ACP:malonate ACP transferase and malonyl-S-ACP decarboxylase activities, respectively. 2) The a subunit (MdcA) had acetyl-CoA:malonate CoA transferase activity (0.6 U W mg); the speciˆc activity was one-fourth that of the native enzyme (2.4 U W mg). The subunit did not have any decarboxylase activity (Table 3 ). This result indicates that the a subunit could use acetyl-CoA as an acetyl-residue donor instead of acetyl-S-ACP, which is an analogue of the prosthetic group of ACP (MdcC), to exchange the acetyl residue for a malonyl residue. Therefore, the a subunit was identied as acetyl-S-ACP:malonate ACP transferase. The speciˆc activity of the transferase in the native enzyme composed ofˆve subunits was higher than that in the a subunit alone, suggesting that subunit assembly is important for full transferase activity. The bgsubunit complex had activity (1.3 U W mg) that catalyzed the decarboxylation of malonyl-CoA to acetyl-CoA and CO2, although the b subunit alone did not By analysis of the recombinant subunits, allˆve subunits of the malonate decarboxylase from P. putida were identiˆed as follows: a, acetyl-S-ACP:malonate ACP transferase; b, malonyl-S-ACP decarboxylase subunit; g, malonyl-S-ACP decarboxylase subunit; d, ACP; and e, malonyl-CoA:ACP transacylase. The coexpression system with GroEL W ES in E. coli cells made it possible to obtain recombinant proteins of interest in the soluble fraction. However, the function of the g subunit was not completely clariˆed.
